Introduction
The occurrence of ascorbic acid in plants and the environmental, nutritional and genetic factors involved have been widely studied but little is known about the actual mechanism of its formation. Previous work on this problem has been chiefly with germinating seedlings (15, 16) or leaf tissue (1, 24, 25) in which photosynthesis or rapid growth also occurred. The accumulation of ascorbic acid in potato tuber tissue, pointed out by GUTHRIE (11) , STEWARD and PRESTON (26) , PROKOSHEV (19) , and others, indicated, therefore, that this might be favorable material for studying ascorbic acid synthesis, especially in relation to respiration.
Sugars have most frequently been suggested as precursors of ascorbic acid in plants (1, 6, 15, 20) and there is evidence relating the process to both photosynthesis (24, 25) and respiration (11, 19, 26) . However, the most concrete suggestion for a mechanism of ascorbic acid synthesis has come from the work of SMYTHE and KING (23) who showed that certain glycolytic intermediates may increase synthesis in rat tissues.
This paper reports (a) a technique for comparing ascorbic acid synthesis and respiratory capacity in potato tuber slices, (b) further identification of the ascorbic acid formed, and (c) evidence that glycolysis is involved in the formation.
Materials and methods A number of lots of potatoes of several varieties and sources were tested for ability to synthesize ascorbic acid in the slice system described below. Some were not sufficiently active when first tested or soon lost their ability in storage. Several lots, however, showed good synthetic ability which was maintained in storage at 10 to 150 C for four to six months.
Tuber slices, 8 mm. in diameter and 0.4 mm. in thickness, were sliced on a sliding microtome from a cube in which four or five cylinders were cut by a sharp cork borer and left in situ to brace the tissue. The slices were mixed and washed repeatedly till starch grains from the cut cells were no longer visible in the wash water. In this way large batches of uniform slices were readily prepared which were well adapted to chemical and manometric measurements with minimum sampling error.
Ascorbic acid synthesis was measured in systems of 100 to 200 slices incubated in 100 ml. of distilled water in 250 ml. centrifuge bottles in a 300 C bath. Inhibitor solutions which were added were adjusted to pH 6 with KOH. Filtered air was bubbled through each bottle in series at a controlled rate to give thorough but gentle aeration and stirring. The suspending medium was changed daily or oftener if turbidity appeared. Under these conditions methylene blue smears showed no visible bacterial growth during the incubation period. Before chemical or manometric analysis, slices were rinsed and blotted lightly on filter paper.
Duplicate samples of 20 slices each were analyzed for ascorbic acid by each of two methods, the indophenol-xylene method of ROBINSON and STOTZ (21) and the dinitrophenylhydrazine method of ROE and KUETHER (22) . In the first method, the tissue was homogenized in 2 ml. of 4% metaphosphoric acid-i N sulphuric acid using a glass tissue grinder and the suspension was washed into a test tube with 2 ml. of acetate buffer. One to 4 ml. of 0.011%o indophenol dye was then added and the excess dye extracted as quickly as possible with 10 ml. of redistilled xylene. Another slice sample was used to determine non-formaldehyde-bound reducing material by adding 1 ml. of 40%fo formaldehyde after the buffer and incubating eight minutes at room temperature before the dye reaction. Tests also were made for bound ascorbic acid by refluxing the extracts for various periods before adding the buffer.
In the dinitrophenylhydrazine method for total ascorbic acid (reduced plus dehydro-) the slices were homogenized in 5 ml. of 5% metaphosphoric acid and the ascorbic acid oxidized with 0.01 N iodine-iodide to a permanent starch-iodine blue color. Then 50 mg. of thiourea was added quickly and the solution stirred and centrifuged. Duplicate 2-ml. aliquots of the supernatant were transferred to test tubes, one of which contained 0.5 ml. of the dinitrophenylhydrazine reagent. Both tubes were stoppered and incubated at 370 C overnight. After cooling the tubes in an ice bath, 2 ml. of 85% sulphuric acid was added slowly to each tube and 0.5 ml. of the reagent to the blank tube. Both tubes were then stirred thoroughly and held at room temperature for 30 minutes before reading the transmission at 540 millimicrons in a Beckman spectrophotometer. Separate determinations of dehydroascorbic acid were made on slices homogenized in 5% metaphosphoric acid-1% thiourea and analyzed as above without oxidation.
With both methods, recovery of ascorbic acid added to homogenates was complete within the precision of the technique. The coefficient of variation for duplicate analyses averaged about 5%o for both methods and for determinations before and after incubation.
Measurements of respiratory capacity were made in a standard Warburg apparatus using duplicate flasks containing 20 slices in a 3 ml. volume of 0.02 M pH 5.7 phosphate buffer for each determination. Oxygen uptake (Qo2) was measured in an oxygen atmosphere in which rates were shown not to be limited by gas diffusion in slices from 0.2 to 0.5 mm. in thickness.
Anaerobic carbon dioxide evolution (QNCo2) was measured in nitrogen and aerobic carbon dioxide evolution (Q0co2) in oxygen by the direct method (7) with correction for change in bound carbon dioxide in both cases. Under these conditions all three rates were linear for at least the one hour du-ration used. Where inhibitors were present during slice incubation the same concentrations were used in the Warburg flasks. All rates are expressed as microliters per hour per 20 slices.
Results Ascorbic acid synthesis was dependent on adequate oxygen supply. If the rate of aeration was insufficient to keep the slices in constant motion the ascorbic acid content either failed to increase or actually decreased, depending on the tuber lot and the bubbling rate. No synthesis was found in bubbling nitrogen. Under the standard conditions, however, the ascorbic acid content of slices from suitable lots of tubers increased two to three times in 48 hours ( (26) , except in the presence of high concentrations of inhibitors. The significance of this study depends, of course, on the reliability of the ascorbic acid analysis. While both methods are subject to some interference, by a few other reducing compounds in one case and keto compounds in the other, it was felt that a combination of the two methods provided the most reliable characterization of the increase in ascorbic acid which was applicable to routine assay. Table II gives comparative analyses on slices before and after incubation and in the presence of iodoacetate. The differences between methods were seldom more than would be expected from sampling error and were small compared with the inhibitor effects. Nonformaldhyde-bound reducing material was usually negligible and approached 10% of the total only with strong inhibition of synthesis. There was a significant increase in dehydroascorbic acid by both the dinitrophenylhydrazine method and the indophenol method with H2S reduction. No significant quantity of bound ascorbic acid was found.
Attempts also were made to further characterize the increased ascorbic acid by comparison of the 2,4-dinitrophenylhydrazine condensation products from slices before and after incubation with that from pure ascorbic acid. Products isolated from both types of slices agreed in melting point, absorption spectrum, and chromatographic behavior on alumina columns with the authentic ascorbic acid derivative and with the literature reports (18) . In some cases the increase in amount of isolated osazones after incubation paralleled the analytical data; in others, however, the yields, measured spectrophotometrically, were too low to justify any conclusion. The chief difficulty, apparently, was the tendency toward formation of mixtures of the osazones of the free acid, the lactone and the pyrazalone under the conden- The relation between ascorbic acid synthesis and respiration was investigated by comparing the effects of several respiratory inhibitors on the two processes. Malonate inhibited synthesis and respiration only at relatively high concentrations (0.01 to 0.03 M). Results were variable and slices often showed general toxicity effects, loss of turgor and fragmentation. Inhibition of synthesis by fluoride appeared at 0.001 M and was complete at 0.005 M.
The higher concentration did not affect the Qo2 but inhibited QNco2 from 30 to 50%, suggesting a relationship between ascorbic acid synthesis and the glycolytic phase of respiration.
This possibility was more extensively studied with iodoacetate which blocked synthesis at much lower concentrations. Table III summarizes the results of four typical experiments. In the range from 0.00005 to 0.00020 M iodoacetate, inhibition of synthesis increased from about 30 to 95%o. Corresponding concentrations of potassium acetate gave the same results as water controls. At the two higher levels of iodoacetate not only was the normal increase blocked but the original content was not maintained, suggesting that ascorbic acid was being formed continually and broken down in the slice system. In control slices, synthesis exceeded breakdown and in treated slices the final level was higher or lower than the initial level depending on the degree of inhibition of synthesis. Comparison of respiratory measurements with ascorbic acid contents showed that the The agreement found between the analyses by the indophenol method with formaldehyde binding and the dinitrophenylhydrazine method leaves little doubt that the increased reducing material in potato tuber slices is actually ascorbic acid. The oxygen requirement observed by GUTHRIE (11) , STEWARD and PRESTON (26) , and PROKOSHEV (19) was also confirmed. In addition, the parallel inhibition of QNco2 and ascorbic acid increase by fluoride and iodoacetate has indicated that some phase of glycolysis is involved in the synthetic process.
These two observations can be interpreted in terms of a mechanism of ascorbic acid synthesis suggested in part by SMYTHE and KING (23) . Though the glycolytic mechanism in potato tuber tissue has not been fully established, recent evidence (2) strongly indicates that the classical EmbdenMeyerhof pathway of yeast and muscle is followed. The relation of this pathway to the proposed scheme of ascorbic acid synthesis is diagrammed in figure 1 . In the first stage of glycolysis, fructose-diphosphate is formed from starch or perhaps from sucrose or glucose. It is then split to the two trioses by the aldolase reaction. Normally these trioses are metabolized by the diphosphopyridine nucleotide-linked oxidation of D-glyceraldehyde-3-phosphate leading to pyruvate which may then be decarboxylated aerobically or anaerobically. The first step in ascorbic acid synthesis (A, in fig.  1 ) would be the diphosphopyridine nucleotide-linked reduction of dihydroxyacetone-phosphate to L-glycerophosphate. This is the basic reaction of glycerol fermentation and the dehydrogenase catalyzing it has been found in tissues of higher plants (28) . The next step (B) would be the cytochrome-linked oxidation to L-glyceraldehyde-3-phosphate. The enzyme catalyzing this reaction has been found in animal tissues (10) but apparently has not been studied in plants. The condensation of L-glycer-aldehyde and dihydroxyacetone-phosphate has been carried out with aldolase preparations by MEYERHOF et al. (17) . The resulting L-sorbose-phosphate would have the required L-gulose configuration of ascorbic acid. Since aldolase occurs in potato tubers (2) this reaction (C) would be possible. The remaining steps, oxidation of L-sorbose or its phosphorylated derivative to ascorbic acid (D and E), can be readily carried out chemically but a corresponding enzymatic mechanism has not yet been established. However, SZTARECZKY (27) has claimed that this conversion occurs in rat intestine. BERNHAUER (3) also has reported evidence of sorbose to 2-keto-L-gulonic acid conversion by Aspergillus gluconicum and GALLI (8) has shown that Aspergillus niger extracts will convert 2-keto-L-gulonic to ascorbic acid.
Ascorbic acid synthesis thus would depend on a source of reduced diphosphopyridine nucleotide which could be supplied by the coupled reduction of dihydroxyacetone-phosphate and oxidation of D-glyceraldehydephosphate as occurs in glycerol fermentation. The latter reaction usually has been considered the site of iodoacetate inhibition of glycolysis (9) though COLOWICK (5) has recently stated that phosphofructokinase is also inhibited. Either site of inhibition could interfere with ascorbic synthesis. Fluoride inhibits several reactions involving phosphate transfer (4, 9) which could effect ascorbic acid formation; e.g., the phosphoglucomutase reaction (5) and the phosphorylation of cozymase (9) . Oxygen would be required for the L-glyceraldehyde-phosphate oxidation and possibly for the sorbosephosphate oxidation. Ascorbic acid synthesis by this scheme would constitute a by-pass of normal glycolysis at the triose stage involving both aerobic and anaerobic reactions. The rate of synthesis, therefore, would depend both on the activity of the initial stages of glycolysis and the extent to which the L-triose by-pass competed with the normal pathway. This scheme, though speculative, is supported by the present results with potato slices and, with one exception, is based on known biological reactions. In the latter respect it is preferable to the recent proposal of HOUGH and JONES (12) . KING and his associates, on the basis of tracer studies with rats, preferred in 1950 (13) a direct conversion of glucose to ascorbic acid without splitting. However, in a more recent report (14) they again favor a splitting-recombination mechanism. It now appears that the majority of evidence supports a mechanism such as that proposed above which has the advantage of being based largely on well-known biological reactions. Such a mechanism, at least, provides a useful working basis for further investigation of the mechanism of ascorbic acid formation in plants.
Summary
Slices from selected lots of potato tubers increased in ascorbic acid content by two to three times in 48 hours when incubated in properly aerated aqueous media. The ascorbic acid was determined both by the indophenol method with formaldehyde binding and the 2,4-dinitrophenylhydrazine method. No significant amount of bound ascorbic acid was found but there was some increase in dehydroascorbic acid during incubation. Fluoride and iodoacetate caused parallel inhibition of ascorbic acid synthesis and anaerobic carbon-dioxide evolution (QNco2) while oxygen consumption (Qo2) and aerobic carbon dioxide evolution (Q0co2) were less sensitive. These facts indicate a relationship between glycolysis and ascorbic synthesis for which a proposed metabolic scheme is given.
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